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IVanscriptional regulation of the progesterone recep- 
tor gene involves induction hy estrogens and down-regu- 
lation hy progestins, retinoic acid, and AP-1 proteins. We 
have previously identified an intragenic (4'698/4'723) es- 
trogen-responsive element present in the progesterone 
receptor gene, which binds the estradiol receptor and 
mediates estrogen and 4-OH tamoxifen induction. Pro- 
gesterone receptor gene expression was equally stimu- 
lated by estradiol and 4-OH tamoxifen in the presence of 
a NHg terminally deleted estrogen receptor mutant lack- 
ing activation function 1, suggesting that activation 
function 2 was the predominant activation domain. This 
was confirmed by the lack of activity of an estrogen 
receptor mutant deleted of activation function 2. Re- 
pression by progestins, retinoic acid, and AP-1 was me- 
diated by the same estrogen responsive element al- 
though retinoic and progesterone receptors as well as 
AP-1 proteins did not bind to this element. Repression 
by these proteins appears to involve different transacti- 
vating regions of the estrogen receptor. Repression by 
retinoic receptors involved only activation function 2 
whereas repression by progesterone receptor and AP-1 
necessitated both functional domains. Since these pro- 
teins act without directly contacting the DNA, it seems 
likely that repression may be achieved by protein-pro* 
tein interactions among different domains of the estro- 
gen receptor and/or the transcriptional machinery. 



The regulation of the intracellvdar progesterone receptor 
concentration plays an important role in the physiology of 
the estrous or menstrual cycles (Vu hai et at., 1977; Bayard 
et aL, 1978) and in various diseases of the female genital tract 
(Brenner and West, 1975; Lessey et aL, 1988; Garcia et al., 
1988; Clarke, 1991). In most target tissues^ estrogens and pro- 
gesterone, respectively, induce and down-regulate progesterone 
receptor expression (Milgrom et al., 1973; Vu Hai et al, 1977; 
Mester and Baulieu, 1977; Horwitz and McGuire, 1978; Read et 
aL, 1988; Alexander et aL, 1989). The antiestrogen 4-OH ta« 
moxifen (4-OHT)^ displays a partial agonistic effect on proges- 
terone receptor expression in breast cancer cells (Horwitz et al,, 
1978a) and other cell types (Berry et aL, 1990). We have iden- 
tified previously the main regulatory site of the rabbit proges- 
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terone receptor gene by using transient expression of chloram- 
phenicol acetyltransferase (CAT) constructs containing various 
putative regulatory regions, as well as DNase footprinting to 
localize the receptor binding sites (Savoxiret et al., 1991). This 
regulatory site consisted of an intragenic (+6987+723) estrogen- 
responsive element (ERE) which mediated both estrogen and 
4-OHT induction. The same ERE conferred progestin down- 
regulation, which was ef^ciently suppressed by the antiproges- 
tin RU 38486 (Savoiu-et et al, , 1991). Such regulation appeared 
to be specific for the progesterone receptor gene ERE since the 
Xenopus vitellogenin A2 (vitA2) gene ERE mediated neither 
4-OHT induction nor progestin down-regulation. That this 
ERE bound the estrogen receptor but not the progesterone 
receptor suggested the latter exerted its activity through pro- 
tein-protein interactions. Mutational analysis showed that the 
DNA and hormone-binding domains of the progesterone recep- 
tor were both required for down-regulation. 

In addition to sex steroids, other regulators of progesterone 
receptor gene expression have been described. Retinoic acid has 
been shown to decrease the transcription of the progesterone 
receptor gene (Clarke et aL, 1990). Growth factors and phorbol 
esters have been reported to decrease or increase progesterone 
receptor mRNA concentration in a cell-specific manner (Roos et 
aL, 1986; Sumida and Pasqualini, 1988). We have investigated 
whether these regulators acted at different or identical site(s) 
in the progesterone receptor gene promoter and if they acted 
through DNA-protein or protein-protein interactions. Finally, 
we used deletion mutants of estrogen receptor to gain insight 
into this complex regulatory interplay. 

MATERIALS AND METHODS 

Gene Constructions— The vitellogenin A2 gene ERE (-331/-297) TK- 
CAT and the progesterone receptor gene ERE (+698/+729) TKCAT con- 
structs have been previously described (Klein-Hitpass et al., 1986; 
Savouret et al., 1991). The rabbit progesterone receptor cDNA expres- 
sion vector also has been described (Guiochon-Mantel et al. , 1988). The 
mouse estrogen receptor (MOR) cDNA is 599 amino acids long. It has 
been cloned in the pJ3 expression vector to yield the wild- type (MOR 
1-599) vector. In other constructions, the estrogen receptor cDNA ex- 
pression vector was deleted of sequences corresponding to amino acids 
1-121 (MOR 121-^99) or 340-599 (MOR 1-339) (Lees et aL, 1989). 
Point mutations in the mouse estrogen receptor that disrupt dimeriza- 
tion function have been obtained by Fawell et al. (1990b). Mutant 
L511R has leucine 511 mutated into arginine and mutant R507A has 
arginine 507 mutated into alanine. The following expression vectors 
also were used: RSV-c-Jun (Hirai et al., 1989). RSV-JunB (Ryder e£ aL, 
1988), RSV-JunD (Hirai et al,, 1989), pSG-c-Fos (Wasylyk et aL, 1988). 
retinoic receptors a and y (Zelent et aL , 1989), retinoic receptor 0 (Brand 
et aL, 1988), and retinoic receptor X a (Leid et aL, 1992). 

Double-stranded Synthetic Oligonucleotides Used in Gel Retardation 
Assays — The 37-base pair vitellogenin A2 ERE has been described 
(Kumar and Chambon, 1988). The rabbit progesterone receptor gene 
(+6987+723) ERE (Savouret et aL, 1991) was AGCTTGAGTTCAGGTC- 
GACATGACTGAGCTG. The tyrosine aminotransferase gene GRE/PRE 
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(Jantaen et al, 1987) was AGCTTTGTACAGGATGTTCTAGCTG. The 
retinoic receptor gene /3 RARE (de Th6 et al., X990) was AGCTTGT- 
AGGGTTCACCGAAAGTTCACTCG. The consensus AP-l site (Lee et 
al., 1987) was AGCTTGGTGACTCACCGGGTGAACG. The pS2 gene 
ERE (Berry et al, 1989) was AGCTTCCCTGCAAGGTCACGGTGG- 
CCACCCCGTG. The uteroglobin gene ERE (Slater et al., 1990) was 
AGCTTCJGCCAGGTCACCATGCCCTCGGGG. The prolactin gene ERE 
(Maurer and Notides, 1987) was AGCTTGCATTTTTGTCACTATGTC* 
CTAGAGTGCG. 

Proteins and Antibodies — Progesterone receptor was purified from 
rabbit uteri by immunopurification (Logeat et al.^ 1985), and estrogen 
receptor was purified from calf uteri by affinity chromatography 
(Redeuilh et al., 1987). Anti-mouse estrogen receptor polyclonal anti- 
serum MP 16 was obtained from Fa well et aL (1990a), Other monoclonal 
antibodies were purchased from suppliers: anti-c-Jun and anti-c-Fos 
were from UBI, anti-retinoic receptor a was from Affinity BioReagents, 
and anti-human estrogen receptor H222 was from Abbott Laboratories 
(Erica test). 

Cell Culture and Thinsfections — ^HeLa cells were cultured as de- 
scribed (Savourete^ al., 1991). Briefly, transfections were done with 0.1 
Ug of pCH 110 galactosidase vector as internal standard, 10 ]ig of CAT 
construct, 1 pg of estrogen receptor expression vector, and 2 pg of the 
other vectors unless specified otherwise. Ibtal DNA was normalized to 
20 \xg with herring sperm DNA. CAT assays have been described, and 
accuracy of transcription initiation at the correct site in the TK pro- 
moter was previously determined by primer extension (Savouret et aL, 
1991). 

Gel Retardation Experiments — COS-7 cells were transfected simi- 
larly with 10 Jig of the various expression vectors (20 pg of total DNA). 
Transfected cells were harvested at 4 °C in phosphate-buffered saline. 
The cell peUet was lysed by freeze-thawing in 20 mw Tris, pH 7.4, 0.1 mM 
EDTA, 400 mM KCl, 10% glycerol. Protein concentration was adjusted to 
10 mg/ml, and the extracts were stored at -70 ''C. Gel retardation 
assays were performed with 30 pg of whole cell lysate proteins or var- 
ious amounts of purified proteins preincubated 15 min on ice in 30 pi in 
the presence of 5 mM MgCls, 10 mM dithiothreitol, 3% glycerol, 1 pg of 
poly<dI-dC), and 70 mM KCl. Then, 1 ng of ^-labeled oligonucleotide 
probe was added, and incubations were continued for 30 min on ice. 
When required, antibodies were added simultaneously to the labeled 
probe. For kinetic experiments, 180 fmol of estrogen receptor were 
challenged with 500 fmol of progesterone receptor, RARa, or c-Jun, 
Kinetic assays were performed by incubation with the labeled probe for 
various times up to 30 min. Following the initial 30-min binding incu- 
bation, pseudo-first-order dissociation rate assays were performed by 
adding a 200-fold excess of unlabeled ERE and continuing the incuba- 
tion for various times at 20 '^C up to 60 min. Electrophoresis was for 100 
min at 4 **C in a 5% polyacrylamide gel (ratio 29:1). The gel and running 
buffer were 0.5 mM dithiothreitol, 3% glycerol, 0.5 x TBE (45 mM IVis, 65 
pM boric acid, 1 pM EDTA). The gels were fixed, dried, and autoradio- 
graphed with direct exposure Kodak films. Bands on the films corre- 
sponding to retarded oligonucleotides were quantitated with a Miltipore 
Biolmage station. 

RESULTS 

Multiple Negative Regulations Occur at the Level of a Single 
Intragenic ERE — ^We have identified previously an intragenic 
(+698/4-723) estrogen-responsive element in the progesterone 
receptor gene. This ERE is responsible for both the estrogen 
induction of the progesterone receptor gene and the progestin- 
mediated down-regulation of its induced level of expression 
(Savouret et aL, 1991). We used the {+698/+729) TKCAT con- 
struct to study the effects of retinoids and the AP-l system. 
Phorbol ester (12-0-tetradecanoyl-phorbol-13-acetate) re- 
pressed estradiol induction occurring through the intragenic 
progesterone receptor ERE in HeLa cells (data not shown). By 
contrast, the estradiol induction of the vitA2 ERE was not 
repressed by 12-0-tetradecanoyl-phorbol-13-acetate. Similar 
results were obtained in MCF-7 cells (not shown). These data 
concur with the reported negative effects of phorbol esters on 
progesterone receptor expression in breast cancer cells (Roos et 
aL, 1986). These latter experiments could not ascertain which 
members of the AP-l family were responsible for the observed 
repression. We performed cotransfections of the (-H698/+729) 
TKCAT construct in HeLa cells with the estrogen receptor ex- 
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Fig. 1. Various members of the AP-l proteins family inhibit the 
estradiol induction mediated by the EKE of the progesterone 
receptor (PR) gene, but not the induction mediated by the ERE 
of the vitA2 gene. (+698/-|.729) TKCAT (10 pg) or vitA2 TKCAT (2 pg) 
were transfected into HeLa cells with the estrogen receptor expression 
vector (1 pg) and increasing amounts of the various expression vectors 
for c-Jun, c-Fos, JunB, and Jun D. The repression ehcited by the AP-l 
proteins is presented as residual percentages of the initial estradiol 
induction. 



pression vector and increasing amounts of expression vectors 
encoding the various specific AP-l proteins. Fig. 1 shows that 
all members of the AP-l system (c-Jun, c-Fos, and variants 
Jun-B and Jun-D) are grossly equivalent in repression eflS- 
ciency, Jun>D being slightly weaker. The estradiol induction of 
the vitA2 ERE CAT construct (vitA2 TKCAT) was not affected 
by the AP-l family members in HeLa (Figs. 1 and 3) or MCF-7 
cells (not shown). The effect of c-Jun on the progesterone re- 
ceptor gene ERE was suppressed in a concentration-dependent 
manner by increasing the amount of transfected estrogen re- 
ceptor (not shown). This inhibition thus depends on the ratio of 
estrogen receptor to AP-l proteins. 

lb analyze the effects of retinoids, we transfected the (+698/ 
+729) TKCAT vector into MCF-7 cells. CAT activity was nor- 
mally induced when the endogenous estrogen receptor was 
stimulated by 10 nM estradiol. Addition of 100 nM all-trans 
retinoic add had no effect on the basal level of CAT expression 
but suppressed the estradiol mediated induction (not shown). 
Again, these results could not discriminate between the various 
endogenous retinoic receptors (RARs or RXR). We therefore 
cotransfected (+6987+729) TKCAT and the estrogen receptor 
expression vector into HeLa cells. Under these conditions^ en- 
dogenous retinoic receptors present in HeLa cells were unable 
to suppress the stimulatory effect of the high levels of trans- 
fected estrogen receptor in the presence of estradiol (not 
shown). Cotransfection of the individual retinoic receptors 
RARa, and y, in the presence of 1-100 nM of all-trans retinoic 
acid inhibited the induction of (+698/+729) TKCAT by estradiol. 
When an expression vector for RXRa was used, inhibition was 
only observed at 1-10 >im retinoic acid (Fig. 2). Such high con- 
centrations of retinoic acid have been described as necessary to 
activate RXRa (Mangelsdorf et al. , 1990). When expression vec- 
tors for RARof and RXRa were cotransfected simultaneously, 
concentrations as high as 10 }im retinoic acid were without 
effect. This suggested that ligand-dependent down-regulation 
was provoked only by homodimers of either retinoic receptor 
but not by RAB/RXR heterodimers. Again, as observed for pro- 
gesterone receptor and the AP-l family members, the various 
retinoic receptors were unable to repress the estradiol induc- 
tion of the vitA2 TKCAT construct, showing the specificity of 
this regulation with regard to the progesterone receptor gene 
(Fig. 3), 
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Domains of the Estrogen Receptor Involved in the Regulation 
of Progesterone Receptor Gene Transcription — ^The estrogen re- 
ceptor contains two transactivation functions: one in the NH^- 
terminal domain called activation function- 1 (AF-1, formerly 
TAF-1), and one in the COOH-terminal steroid-binding domain 
called activation function-2 (AF.2, formerly TAF-2) (Lees et al.y 
1989; Ibra et al. , 1989). 4-OHT is known to be a partial estrogen 
agonist in terms of progesterone receptor induction, and we 
have shown previously that it exerts its effect on the intragenic 
ERE of the progesterone receptor gene (Savouret et ah , 1991). 
To determine the domains of the estrogen receptor involved in 
progesterone receptor gene regulation, the (+698/+ 729) TKCAT 
construct was cotransfected into HeLa cells with expression 
vectors for wild-type or mutant estrogen receptors (Lees et al., 
1989), and the cells were treated with estradiol or 4-OHT. As 
shown in Fig. 4, AF-2-containing estrogen receptor mutant 
(MOR 121-599) was sufficient to elicit a maximal effect (4-foid 
over control) similar to that of the wild-type estrogen receptor 
whereas the estrogen receptor mutant containing only AF-1 
activity (MOR 1-339) was totally inactive. These results indi- 
cate that AF-1 does not contribute to the activity of the estrogen 
receptor in this model. Surprisingly, the partial agonist activity 
of 4-OHT (2.5-fold over control) was observed even in the ab- 
sence of AF-1. Previously, it had been proposed that all agonist 
activities of 4-OHT were mediated via the AF-1 domain (Berry 
et al, 1990). 

We then asked whether the AF-2 domain of the estrogen 
receptor also was sufficient to mediate the down-regulation of 
the progesterone receptor gene by progestins. As shown in Fig. 
5A, this was not the case, since only the wild-type estrogen 
receptor supported down-regulation of progesterone receptor 
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Fio. 2. Inhibition by retinoic receptors of the estradiol induc- 
tion mediated by the progesterone receptor gene ERE. The effect 
of retinoic acid is dose-dependent. (+698/+729) TKCAT was transfected 
into HeLa cells with the estrogen receptor expression vector (1 pg) and 
2 pg of the various expression vectoi^ for the retinoic receptors. Cells 
were then treated with 10 nw estradiol alone or in combination with 
increasing amounts of all-trans retinoic acid. The inhibitory efTects are 
shovm as residual percentages of the initial estradiol induction. 



gene expression whereas the AF-2 containing mutant (MOR 
121-599) supported estrogen induction but not progestin down- 
regulation. The deletion of the steroid-binding domain in the 
AF-1 -containing mutant (MOR 1-339) abolished the estrogen 
induction which precluded any study in down -regulation. 

Estrogen receptor deletion mutants, devoid of AF-1 or AF-2, 
also were used in the study of progesterone receptor gene re- 
pression in the presence of AP-1 proteins or retinoic receptors. 
As shown in Fig. 5B, the behavior of AP-1 proteins was similar 
to that of the progesterone receptor, the AF-1 region being 
necessary to observe repression. In contrast, repression by the 
retinoic receptor occurred even in the absence of AF-1 (Fig. 5C). 

A possible mechanism for the interaction between estrogen 
receptor and progesterone receptor on the intragenic ERE of 
the progesterone receptor gene cotdd involve the formation of 
heterodimers through the dimerization domains present in the 
steroid binding region of receptors (Fawell et al., 1990a). This 
hypothesis might also account for the failure of the constitu- 
tive, steroid-binding domain -deleted progesterone receptor mu- 
tant (A 662-930) to down-regulate progesterone receptor gene 
expression (Savouret et aL, 1991). We used two estrogen recep- 
tor mutants (L511R and R507A) bearing single amino acid 
changes in the dimerization domain, which were shown by 
Fawell et aL (1990b) to abolish receptor dimerization. As seen 
in Fig. 6A, these estrogen receptor mutants did support pro- 
gestin down-regulation when cotransfected in the presence of 
progesterone receptor, suggesting that heterodimerization 
could not account for the inhibitory effect. 

Repressors of Progesterone Receptor Gene Transcription Do 
Not Appear to Bind to the Intragenic ERE — ^We sought to un- 
derstand the mechanism of down-regulation and determine 
whether it takes place through competition for DNA-binding 
sites or protein-protein interactions^ either directly on the es- 
trogen receptor or indirectly. In gel retardation experiments, 
purified estrogen receptor bound to the progesterone receptor 
gene ERE (Fig. 6A), confirming previous observations using 
DNase I footprinting (Savouret et aL, 1991). The binding ap- 
peared weaker than for the vitA2 ERE: scanning densitometry 
of the retarded bands showed the afTinity of the estrogen re- 
ceptor for the progesterone receptor gene ERE to be roughly 
60-foId lower. The binding was nevertheless specific as it was 
displaced by an excess of unlabeled ERE oligonucleotide. More- 
over, an anti-estrogen receptor antiserum provoked the char- 
acteristic supershift of the retarded rnaterial. 

Gel retardation experiments showed the absence of binding 
of purified progesterone receptor or c-Jun to the progesterone 
receptor gene ERE (Fig. 6 B and C). We have repeated these 
experiments with purified recombinant vaccinia virus-pro- 
duced retinoic receptor a (a gifl from Dr. H. de The, Hopital St 
Louis, Paris, France). Similarly, the progesterone receptor gene 
ERE displayed no retardation with the retinoic receptor (not 
shown). 



Fig. 3. The estradiol induction 
mediated by the xitA2 gene ERE is 
insensitive to down-regulation by 
progestins, retinoic acid, or the AP-1 
proteins. The vitA2 TKCAT construct (2 
pg) was transfected into HeLa cells to- 
gether with the estrogen receptor expres- 
sion vector (1 pg) and, in separate experi- 
ments, the expression vectors for 
progesterone receptor (2 pg), RARa (2 pg), 
or c-Jun (1.6 pg) and c-Fos (1.6 pg) (alone 
or combined as shown). The cells were 
then treated with hormones as indicated. 
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Fk;. 4. The inductive effects of estradiol and 4-OHT on the ERE 
of the progesterone receptor gene are mediated by the AF-2 
functional domain of the estrogen receptor. (+6987+729) TKGAT 
was transfected into HeLa cells with 1 of either wild-type estrogen 
receptor (MOR 1-599), the NHj terminally deleted AF-2 containing 
estrogen receptor (MOR 121-699) or the COOH terminally deleted AF-1 
containing estrogen receptor (MOR 1-339) (1 each). Cells were 
treated with 10 nM estradiol or 1 pM 4-OHT. 



The possibility remained that low ailinity binding of the 
repressors to the ERE could be responsible for down -regula- 
tion. Such a binding might be difTicult to observe by gel retar- 
dation due to the disruption of complexes during electrophore- 
sis. We thus used competition experiments to detect labile 
interactions. Gel retardation assays were performed with pu- 
rified progesterone receptor and the TAT gene GRE/PRE. The 
binding was challenged with unlabeled DNA(the cognate GRE/ 
PRE, the progesterone receptor gene ERE, and an unrelated 
oligonucleotide bearing the AP-l-binding site). As seen in Pig. 
7, very efficient competition was observed with the cognate 
GRE/PRE, but neither the progesterone receptor gene ERE nor 
the AP-l-binding site were able to compete for progesterone 
receptor binding. Similar experiments were performed with 
c-Jun and retinoic receptor a (either as purified recombinant 
proteins or overexpressed proteins in COS-7 cells). These pro- 
teins bound specifically to their cognate elements in a manner 
that could not be competed by the progesterone receptor gene 
ERE or by unrelated oligonucleotides (not shown). The exist- 
ence of a DNA binding interference mechanism by progestins, 
AP-1, and retinoic receptors in progesterone receptor gene re- 
pression is therefore unlikely. 

We also analyzed the kinetics of purified estrogen receptor 
binding and/or dissociation from the progesterone receptor 
gene ERE by "on-rate" and "ofT-rate** gel retardation assays in 
the presence of purified progesterone receptor, c-Jun, or RARa. 
Neither the migration of the estrogen receptor/ERE band nor 
the rate constants of association and dissociation of estrogen 
receptor to the oligonucleotide bearing the progesterone recep- 
tor gene ERE were modified in the presence of repressors (not 
shown). These results demonstrate the absence of any observ- 
able direct association between the estrogen receptor and re- 
pressors of progesterone receptor gene expression. 

The vitA2 and progesterone receptor gene EREs differ sig- 
nificantly in their ability to interact with the estrogen receptor 
as can be seen in Fig. 6A. This suggested to us that the lower 
affinity of the progesterone receptor gene ERE for the estrogen 
receptor might be linked to its down-regulation by progestins. 
We performed competition experiments of estrogen receptor 
binding to the vitA2 ERE with various EREs. The EREs in the 
vitA2 and uteroglobin (Ugl) genes strongly respond to estrogen 
stimulation and are not repressed by progestins, while the 
EREs in the progesterone receptor, pS2, and prolactin (Prl) 
genes elicit a moderate response to estrogens and are repressed 
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Fig. 5. A, progestin down-regulation of estradiol induction mediated 
by the progesterone receptor gene ERE i*equires both AF-1 and AF -2 
regions of estrogen receptor. (+698/+729) TKCAT was transfected into 
HcLa cells with the expression vector for progesterone receptor (2 pg). 
The expression vectors for wild-type estrogen receptor (MOR 1-599), or 
estrogen receptor mutants (MOH 121-599, MOR 1-339, L511R, and 
R507A) were cotransfected (1 pg) as indicated. Cells were treated with 
10 nM estradiol alone or in combination with 10 nM of the synthetic 
progestin R 5020. J3, AP-1 protein inhibition of estradiol induction me- 
diated by the progesterone receptor gene ERE requires both AF-1 and 
AF-2 regions of BR. (+698/+729) TKCAT was transfected into HeLa cells 
with the c-Jun expression vector (1.6 pg). Expression vectors for wild- 
type estrogen receptor or estrogen receptor deletion mutants M^ere co- 
transfected as in A. Cells were treated with 10 mi estradiol as shown. C» 
retinoic acid inhibition of the estradiol induction mediated by the pro- 
gesterone receptor gene ERE only requires the AF-2 region of estrogen 
receptor. (+698/+729) TKCAT was transfected into HeLa cells with the 
RAR« expression vector (2 pg). Expression vectors for wild-type estro- 
gen receptor or estrogen receptor deletion mutants were cotransfected 
as in A. Cells were treated with 10 nM estradiol alone or in combination 
with 0.1 pM all-trans retinoic acid as shown. 

by progestins (Savouret et aL, 1991),'^ As shown in Fig. 8, the 
vitA2 and Ugl EHEs efficiently competed for estrogen receptor 
binding to the vitA2 ERE while the progesterone receptor, pS2, 
and Prl EREs were less effective. Thus, the ability of a given 
ERE to undergo transcriptional repression appears to be cor- 
related with its lower aiBnity for estrogen receptor. 

DISCUSSION 

Multiple Regulations of the Progesterone Receptor Gene — The 
expression of regulatory proteins involved in the control of gene 
transcription is generally submitted to an array of positive and 
negative regulations, including autoregulation (Serfting, 1989). 
The progesterone receptor is induced by estrogens and down- 

^ J.-F. Savouret, M. Rauch, G. Redeuilh, S. Sar» A. Chauchereau, K. 
Woodruff, M. G. Parker, and E. Milgrom, unpublished results. 
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Fig. 6. Neither progesterone receptor nor c-Jun interact directly with the intragfenic ERE of the progesterone receptor (PR) gene. 
A, binding of estmgen receptor (ER) to the progesterone receptor gene ERE compared to the binding of esti*ogen receptor to the vifcA2 ERE. Lane 
7, estrogen receptor (30 fmoi) binds a 37-base pair oligonucleotide encompassing the vitA2 gene ERE (-331/-297). Lane^ 2-9, estrogen receptor binds 
the progesterone receptor gene ERE. Lane 2, 30 fmol of estrogen receptor. Lane. 3, 150 fmo! of estrogen receptor. Lanes 4-$, 300 fmol of estrogen 
receptor. Lone 5. the retarded estrogen receptor- DNA complex is supershifted by addition of anti-estrogen receptor antiserum (1 pg of IgG). Lanes 
6-9, competition for estrogen receptor binding by a 10-, 100-, 500-, and 1000-fold excess amount of homologous unlabeled oligonucleotide. Lane 10, 
100 Mg of bovine serum albumin (BSA) added as control. B, the progesterone receptor does not bind to the progesterone receptor gene ERE (lanes 
1 and 2) but does bind to the tyrosine aminotransferase gene GRE/PRE (lanes 3-6). Lane L 900 fmol of progesterone receptor. La/ie 2, 900 fmol 
of progesterone receptor plus anti-progesterone receptor monoclonal antibody (I pg of IgG). iMne 3y 100 ug of BSA added as control Lane 4^ 900 
fmol of progesterone receptor Lane 5, 900 fmoi of progesterone receptor plus an ti -progesterone receptor antiserum (1 pg of IgG). C, purified c-Jun 
protein does not bind to the progesterone receptor gene ERE (lanes 1-3) but does bind to the consensus AP-1 site (lanes 4-7). Uinefi I and 4, c-Jun 
(1 pg) plus anti-c-«Jun antiserum (5 pg of IgG)- l^nes 2 and 5, c-^un. Lanes 3 and 6, c-Jun plus a 100-fold exxess of competitor AP-1 oligonucleotide. 
Lane 7, 100 pg of BSA added as control. 



regulated by progestins in the female genital tract (Milgrom et 
aL, 1973; Vu Hai et aL, 1977) and breast cancer cells (Horwitz 
and McGuire, 1978) where 4-OHT is a partial agonist (Horwitz 
et aLy 1978). Non-canonical regulations of progesterone recep- 
tor expression also have been described (Blankenstein at, 
1983; Korte and Isola, 1984; YHkomi et aL, 1984; and see 
Clarke, 1991 for review). Retinoids repress progesterone recep- 
tor expression in breast cancer cells (Clarke et aL, 1990). 
Growth factors and phorbol esters act differentially according 
to the target tissue: they repress progesterone receptor expres- 
sion in human breast cancer cells (Roos et al. , 1986) and induce 
it in rodent uterus (Sumida and Pasqualini, 1988). This sug- 
gested to us that developmental ly regulated AP-1 regulatory 
sites may be present in the progesterone receptor gene. Indeed, 
we have detected a consensus sequence for the AP-l-binding 
site in the upstream region of the progesterone receptor gene 
promoter. As a control for the observation of the AP-1 repres- 
sion of progesterone receptor gene expression (see Fig. 1), we 
have transfected a TKCAT construct bearing this putative AP- 
I-responsive element in HeLa cells. This construct was equally 
induced by phorbol esters and cotransfection with a c-Jun ex- 
pression vector.'-^ Thus, the regulation of progesterone receptor 
expression appears to be very complex as the functionality of 
discrete regulatory sites may vary under tissue-specific control. 
Our results also suggest that a given transactivator may act 
positively in the presence of its cognate binding site but become 
a repressor when the site is masked, conformationally altered, 
or absent. Supporting results already have been reported in t)ie 
case of estradiol regulation of the prolactin gene by Adler et aL 
(1988). 



Diversity in Repression — Negative control mechanisms of 
gene transcription have received much attention recently (re- 
viewed in Renkawitz, 1990). In many cases, the regulator binds 
DNA at its cognate regulatory element. The subsequent mech- 
anism may be by competition with activating factors (Akerblom 
et aL, 1988; Sakai et aL, 1988) or abnormal fixation of the 
regulator (Drouin et aL, 1989). In some cases, repression takes 
place without DNA binding. Such interferences between estro- 
gen receptor and progesterone receptor (Meyer et aL, 1989; 
Shemshedini et aL, 1991), as well as the glucocorticoid receptor 
and c-Jun (Yang-Yen et aL, 1990; Jonat et aL, 1990; Schule et 
aL, 1990) have been reported. Coprecipitation experiments 
(Jonat et aL, 1990) as well as cross-linking studies (Diamond et 
aL, 1990; Yang-Yen et aL, 1990) suggest a direct interaction 
between AP-1 proteins and glucocorticoid receptors. IVo 
groups have reported recently tliat the shorter form A of the 
human progesterone receptor might be able to antagonize the 
transcriptional stimulation elicited by the full size form B, in a 
liormone-dependent manner and without binding to DNA 
(Tung et al, 1993; Vegeto el aL, 1993). 

Implica tions of Estrogen Receptor Domains in the Progester- 
one Receptor Down- regulation — We used estrogen receptor de- 
letion mutants in ti*ansfection experiments to analyze the 
mechani.sms of the progesterone receptor gene down-regtila- 
tion. We observed that the three negative regulators do not act 
through the same mechanism: progesterone receptor and c-Jun 
require the NHg-terminal domain of estrogen receptor while 
RARs and RXR repress the NHg terminally deleted estrogen 
receptor as efficiently as the wild-type ER. This indicates that 
different repressors act through dififerent mechanisms. 
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In the course of these expei-iments, we examined the ability 
of estradiol and 4-OHT to elicit transcriptional induction of the 
(+698/+729) TKCAT construct cotransfected with various estro- 
gen receptor mutants. We observed that 4-OHT induction was 
mediated tlirougli AF-2, while the estrogen receptor mutant 
containing only AF-1 (MOR 1-339) was unable to induce the 
progesterone receptor gene. This was surprising as the previ- 
ous report from Berry et al , (1990) hnked the effects of 4-OHT 
to function- Our findings suggest that this is not a uni- 

versal phenomenon and that particular ERE nucleotide se- 
quences, confoiTtnation, or cell specificity dictate the outcome of 
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Fio. 7. The intragenic ERE of the progesterone receptor (PR) 
gene shows no affinity for progesterone receptor. ImmuHopuri- 

fied progestei*one receptor was used in gel retardation assays with the 
tyrosine aminotransferase GRE/PRE, Receptor- PRE complexes were 
challenged with increasing amounts of either unlabeled homologous 
oligonucleotide, oHgonucleotidc containing the progesterone receptor 
gene ERE sequence, or an unrelated oligonucleotide (AP-, I -responsive 
element {REy)- Following electrophoresis, the gels were autoradio- 
graphed and the retarded bands quantitated (see ''Materials and Meth> 
ods"). Lane 1, 100 pg of BSA added as control. Lane 2: 500 fmol of 
progesterone receptor were supershifled by an anti-progesterone recep« 
tor antiserum (1 pg of IgG). Lane 3, 500 fmol of progesterone receptor. 
Lanes 4-6, competition with the homologous unlabeled oligonucleotide 
(10-, 100-, and 500-fold molar excess). Lanes 7-9 ^ competition with 
progesterone receptor ERE. Lanes 10-22, competition with AP-1- 
rcsponsi ve ele me n t. 



such regulation, 

A Direct or Indirect Mechanism for Progesterone Receptor 
Gene Repression? — Negative regulation of the progesterone re- 
ceptor gene might result from direct interactions of the repres- 
sors with estrogen receptor, free or DNA-bound, or via indirect 
mechanisms involving other transcription factors or compo^ 
nents of the preinitiation complex. 

The differential requirement for the and AF~2 domains 
of estrogen receptor might reflect direct binding of progester- 
one receptor and c-Jun to the AF-1 region but not to the AF-2 
region, while KARs might equally interact with both transac- 
tivation functions. Functional differences between AF-1 and 
AF-2 have been established (Tora et aL, 1989; Tasset et al, 

1990) . If true, this model would imply that interactions occur 
on the progesterone receptor gene ERE but not on the vitA2 
gene ERE, possibb' due to a different conformation of estrogen 
receptor bound to an imperfectly palindromic ERE. DNA- 
induced conforniational modifications of DNA-bound proteins 
have been described for GCN4 (Weiss et ah, 1990) and P'os-Jun 
(Patel et aL, 1990). The possibility of conformational variance of 
the DNA-bound estrogen receptor also has been suggested 
(Kumar and Chambon, 1988; Martin et aL, 1988; Sabbah et aL, 

1991) . 

We have compared the down-regulation of progesterone re- 
ceptor gene induction by AP-1 proteins and retinoic receptors to 
its previously reported repression by progestins (Savouret et 
aL, 1991). Gel retardation expenments showed that none of the 
repressors interacted directly with the progesterone receptor 
gene ERE. Competition experiments, more amenable to the 
study of weak interactions (i.e. those that cannot be sustained 
during electrophoresis), showed that the progesterone receptor 
gene ERE could not compete with the cognate binding elements 
of any repressor, thereby excluding DNA binding intei*ference. 
Another possibility was that the repressors modified the kinet^ 
ics of the interaction of the estrogen receptor with the proges- 
terone receptor gene ERE. On- and off-rate analyses by gel 
retardation assays in the presence of the vai*ious repressors 
showed no indication of such a mechanism, which further sug- 
gested that competition for binding sites or protein-protein in- 
teractions in situ were unlikely. 

On the other hand, indirect mechanisms, e,g. competition 
between receptors for receptor-associated (transactivating 
function intermediary factors) or transcriptional factors, al- 
ready has been proposed by several authors (Meyer ci a/., 1989; 
Doucas et aL, 1991; Shemshedini et a/,, 1991; McEwan et aL, 
1993; Pfitzner et al. , 1993). These authors rely mainly on the 
squelching model wherein an endogenous factor is titrated 
through interaction with an overexpressed regulator. Indeed, 
Meyer ei^ al. (1989) and Shemshedini etal (1991) repressed the 



Fig. 8. Competition of estrogen re- 
ceptor binding to the vitA2 ERE by 
vitA2, Ugly progesterone receptor, 
pS2 and Prl gene EREs. Experimental 
conditions were as in Fig. 6,4. estrogen 
receptor binding was challenged with in- 
creasing amounts of each unlabeled ERE. 
Lane 1, 100 of BSA, Lane 5, estrogen 
receptor (30 fmol) binding supershifted by 
an anti -estrogen receptor antisenim. 
Uine 3, estrogen receptor (30 fmol) bind- 
ing to the vitA2 ERE. Lanes compe- 
tition with unlabeled vitA2 ERE (10-, 
100-, and 500-fold tnolar excess). Lanes 
7-9, competition with Ugl ERE. Lanes 10- 
12, competition with progesterone recep- 
tor ERE, Lanes 1 3-1 5, competition with 
pS2 ERE. Lanes 16-JS, competition with 
Prl ERE. 
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estrogen receptor-mediated induction of the vitellogenin A2 
ERE, respectively, by 10-20- and 50-fold molar excesses of co- 
transfected progesterone receptor. Similarly, Segars et al. 
(1993) showed RXR-mediated down-regulation of estrogen re- 
ceptor induction of the vitellogenin A2 ERE in MCF-7 cells by 
challenging the endogenous estrogen receptor with high 
amounts of transfected RXR. In initial ejcperiments, we ob- 
served specific repression either with phorbol ester (acting on 
endogenous AP-1 proteins) or with physiological doses of pro- 
gestins and retinoic acid acting on their endogenous receptors. 
In cotransfection experiments, the molar excess of the repres- 
sor expression vector over the estrogen receptor expression vec- 
tor was maintained at a 2:1 ratio, shown to be effective in the 
down-regulation experiments involving the progesterone recep- 
tor (Savouret et al., 1991). Under these conditions, estradiol 
induction of the control vitA2 TKCAT construct was never re- 
pressed by any of the negative regulators used in this study. 

Finally, the t8u*get of down-regfulation may be a component(s) 
of the basic transcriptional initiation complex (for a review see 
Guarente, 1989; Mitchell and Tjian, 1988). Recent data report 
direct interactions of transcriptional regulators with members 
of this complex. TFIIB has been shown to interact with COUP- 
TF. estrogen receptor, and progesterone receptor (Ing et aL, 
1992), as well as with VP 16 (Lin and Green, 1991; Roberts 
et al, 1993). Similarly, TFIID interacts directly with c-Rel 
(a member of the NF-kB family) (Kerr et al, 1993). Brou et al. 
(1993) report indirect interactions between various regulators 
and a population of TFIID-associated factors. 

Whatever the targets of down-regulation, it occurred to us 
that this regulatory mechanism might depend on differential 
kinetics of estrogen receptor binding to high affinity palin- 
dromic sites versus imperfect sites. Indeed, the imperfect ERE 
in the progesterone receptor gene is a weaker estrogen receptor 
binder that the palindromic vitA2 gene ERE. Other imperfect 
EREs from both the pS2 (Berry et al. , 1989) and prolactin genes 
(Maurer and Notides, 1987) bound purified estrogen receptor 
poorly in gel retardation experiments. When TKCAT constructs 
bearing these EREs were cotransfected with estrogen receptor 
and progesterone receptor expression vectors, they elicited a 
moderate induction of CAT activity upon estradiol treatment 
but supported repression of this induction by progestins.^ Con- 
versely, the Ugl ERE (Slater et al., 1990), an efficient high 
affinity estrogen receptor binder, conferred a very strong estra- 
diol response, comparable to that of the vitA2 ERE, and was 
insensitive to progestin repression (Savouret et al., 1991).^ 
When these EREs were used as competitors for the binding of 
estrogen receptor to the vitA2 ERE, the strong inducers (vitA2 
and Ugl) competed efficiently while the down-regulatable EREs 
(progesterone receptor, pS2, and Prl) were less effective, show- 
ing a lower affinity for estrogen receptor. Thus, the lower sta- 
bility of such estrogen receptor ERE complexes correlates with 
their ability to be repressed by negatively acting transcrip- 
tional regulators, suggesting a link between the two phenom- 
ena. As these EREs display different nucleotide sequences, the 
influence of a particular nucleotide or group of nucleotides in 
a given position seems unlikely. Our data suggest that other 
genes bearing weak EREs might also be targets for down- 
regulation. Further studies will be necessary to pinpoint the 
exact localization of these repressions in the transcriptional 
complex. 
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